Although recent studies have found that chronic kidney disease (CKD) is an independent risk factor for cognitive impairment in population-based cohorts, the mechanisms of cognitive impairment in subjects with CKD are unclear. We examined 503 elderly subjects (mean age: 72.4 years), who were living independently at home without apparent dementia, using MRI. The subject was judged as having frontal lobe dysfunction if the scores on the modified Stroop test were higher than the fifth quintile for each given decade. Serum creatinine values, measured by the enzymatic method, were used for the Japanese equation of estimated glomerular filtration rate (eGFR). Subjects in the frontal lobe dysfunction group tended to have higher blood pressure, lower eGFR and more lacunar infarcts, and were less educated. When possible confounders were entered into the multivariate logistic regression model, the independent predictors of frontal lobe dysfunction were eGFR (odds ratio 0.854; 95% confidence interval (CI) 0.743-0.983 per 10 ml min À1 per 1.73 m 2 ) and the number of lacunar infarction (odds ratio 1.460; 95% CI 1.127-1.892). The mean of the logarithmically transformed Stroop test scores in the eGFRo60 ml min À1 per 1.73 m 2 group was 1.376 (95% CI 1.301-1.451), which was significantly higher than that (1.250) for the eGFR 60-89 ml min À1 per 1.73 m 2 group (95% CI 1.215-1.285) (P¼0.009) and tended to be higher than that (1.264) for the eGFR X90 ml min À1 per 1.73 m 2 group (95% CI 1.188-1.340) (analysis of covariance, adjusted for age). The present study showed that CKD and subclinical lacunar infarction independently contributed to frontal lobe dysfunction in healthy elderly subjects.
INTRODUCTION
Chronic kidney disease (CKD) is associated with an increased risk for development of cardiovascular diseases. 1,2 Graded association was observed between a reduced estimated glomerular filtration rate (eGFR) and the risk of all-cause death and cardiovascular events independent of known risk factors in large community-based populations. 3, 4 The Chronic Kidney Disease Prognosis Consortium reported the results of a collaborative meta-analysis, including 1.23 million participants, with a median follow-up of 7.9 years and showed that eGFR and albuminuria were associated with all-cause mortality and cardiovascular mortality independent of each other and traditional cardiovascular risk factors. 5 Microalbuminuria and low GFR were strongly associated with incident stroke risk. 6, 7 Cystatin C has been proposed as a better marker of kidney function than serum creatinine. In the Modification of Diet in Renal Disease Study, which included a cohort of patients with stage 3 or 4 CKD, serum cystatin C levels robustly correlated with all-cause and cardiovascular mortality. 8 The mechanisms that lead to increased cardiovascular event risk include hypertension, dyslipidemia, activation of the renin-angiotensin system, endothelial dysfunction, and the effects of asymmetric dimethyl arginine, oxidative stress and inflammation. 9 CKD is an independent risk factor for cognitive impairment, dementia and vascular cognitive impairment in population-based cohorts. [10] [11] [12] [13] [14] CKD has been associated with lower test scores of global cognitive function, executive function, language and memory. [15] [16] [17] The cause of cognitive impairment in subjects with CKD is not clear. MRI studies have found that subjects with CKD, defined by reduced creatinine clearance, reduced eGFR or albuminuria, had a greater burden of cerebral small vessel disease (that is, lacunar infarction and leukoaraiosis) after adjusting for confounders such as vascular risk factors. [18] [19] [20] [21] [22] It is possible that vascular factors and/or cerebral ischemic lesions may be the basis for cognitive impairment (that is, vascular cognitive impairment) in subjects with CKD. Vascular dementia, or vascular cognitive impairment, disproportionately affects frontal systems: subcortical ischemic lesions, particularly lacunar infarcts, correlated with executive dysfunction or hypometabolism in the dorsolateral frontal cortex. [23] [24] [25] However, it is not clear whether CKD causes cognitive dysfunction independently of subclinical ischemic lesions on MRI. Therefore, we conducted a populationbased, cross-sectional analysis of brain-MRI findings to examine the relationship between the following: (1) subclinical MRI lesions, (2) vascular risk factors, including CKD, and (3) cognitive function, particularly frontal lobe dysfunction.
METHODS Participants
Between 1997 and 2009, we randomly contacted approximately 1200 inhabitants, aged X40 years, living in the rural community of Sefuri village, Saga, Japan, through the village office information. Ultimately, we enrolled 754 subjects (63%) for their first MRI examination. These subjects were living independently at home without apparent dementia. In the present study, we examined 548 elderly subjects aged X60 years. Three subjects did not undergo MRI examination, because of claustrophobia or contraindications for MRI. Two subjects who did not have a serum creatinine measurement were excluded. Subjects with no modified Stroop test (MST) (n¼17), lack of documented educational level (n¼3), history of a self-reported or verified stroke (n¼14), psychiatric disorders including depression (n¼4) or a history of head trauma (n¼2) were also excluded. Subjects with a history of minor stroke and normal neurological examination upon MRI imaging were included. The National Hospital Organization Hizen Psychiatric Center Institutional Review Board approved the study (No. 15-1), and written informed consent was obtained from all subjects.
Assessment of cognitive function
All participants underwent a structured clinical interview. For the neurological examination, the presence or absence of a Barre sign, asymmetric deep tendon reflexes, and Babinski's sign were recorded on each side. All subjects underwent the Mini Mental State Examination (MMSE) as a global measure and MST for executive or frontal lobe function as previously described (Supplementary Figure 1) . 26, 27 The difference in time between the two parts was considered, owing to color interference. The subject was judged as having frontal lobe dysfunction if the total score was above the fifth quintile for each given decade as follows: X27 s for 60-69 years, X30 s for 70-79 years and X56 s for 80-93 years. The subject was judged as having global cognitive dysfunction if the total MMSE score was in the lowest quintile for each given decade as follows: o26 for 60-69 years, o25 for 70-79 years and o23 for 80-93 years. As the distribution of Stroop test scores was skewed, the scores were logarithmically transformed for analysis of covariance (Figure 1 ).
Definition of vascular risk factors
Fasting blood samples were taken in the morning, and general hematology and biochemistry tests were performed. Blood pressure was measured in the sitting position by the standard cuff method after a 5-min rest. Vascular risk factors were defined as previously described. 28 Briefly, arterial hypertension was considered as present if a subject had a history of repeated blood pressure recordings above 140/90 mm Hg or the subject was being treated for hypertension. Diabetes mellitus was defined as having a fasting plasma glucose level 47.77 mmol l À1 and/or HbA1c 46.0% or a previous diagnosis of diabetes mellitus. Hyperlipidemia was defined by either total serum cholesterol concentration greater than 5.69 mmol l À1 or current treatment for hyperlipidemia. Left ventricular hypertrophy, ST depression and atrial fibrillation were measured on 12 lead electrocardiograms. We obtained information about usual alcohol intake and type of alcohol consumed from a detailed questionnaire. In the present study, we defined alcohol intake as one drink or more per week, and former drinkers were considered as non-drinkers. Smoking was defined as present if the subject smoked at least an average of 10 cigarettes per day.
Serum 
Assessment of MRI findings
The combination of T1-weighted (T1WI), T2-weighted (T2WI) and fluid attenuated inversion recovery images is required to accurately detect both silent brain infarction (SBI) and white matter lesions (WMLs). 30 Therefore, T1WI (TR/TE¼510/12 ms), T2WI (TR/TE¼4300/110 ms), and fluid attenuated inversion recovery (TR/TI/TE¼6750/1600/22 ms) images were obtained with a slice thickness of 6 mm with a 1-mm interslice gap (device: MRI 1.0 T, Shimadzu Magnex XP, Kyoto, Japan). SBI appeared as low signal intensities on T1-weighted images, and their size was X5 mm as previously described. 28 We differentiated enlarged perivascular spaces from SBI based on their location, The logarithmically transformed MST scores and eGFR were distributed near normally.
Frontal lobe dysfunction associated with CKD H Yao et al shape and size. The WMLs were defined as isointense to normal brain parenchyma on T1-weighted images, but were high-signal-intensity areas on T2-weighted images. These were classified into either deep white matter lesions (DWMLs) or periventricular hyperintensities. We used the validated rating scale of DWMLs by Fazekas et al.: grade 0, absent; grade 1, punctate foci; grade 2, beginning confluence of foci; and grade 3, large confluent areas. 31 For periventricular hyperintensities, we determined the presence and severity (grade 0, absent; grade 1, pencil thin; grade 2, smooth halo lining) using fluid attenuated inversion recovery images. For statistical analyses, we used combined DWML and periventricular hyperintensity grades to evaluate WMLs. All scans were reviewed independently by two authors (HY and AU) who were blinded to all clinical data. In the case of disagreement between the raters, a consensus reading was held. The Stroop test score was compared against the eGFR categories using analysis of covariance adjusted for age (Figure 2) . The assumption regression slope homogeneity was tested (P¼0.124). The mean of the logarithmic-transformed MST scores in the eGFR o60 ml min À1 per 1.73 m 2 group was 1.376 (95% CI 1.301-1.451), which was significantly higher than 1.250 (95% CI 1.215-1.285) for the eGFR 60-89 ml min À1 per 1.73 m 2 group (P¼0.009, adjusted for multiple comparisons with Bonferroni correction) and tended to be higher than 1.264 (95% CI 1.188-1.340) in the X90 ml min À1 per 1.73 m 2 group. The MST scores among the eGFR categories were essentially the same after further adjustment for education (data not shown).
Statistical analysis

DISCUSSION
The present study showed that subclinical lacunar infarction and CKD were independently associated with frontal lobe dysfunction in healthy elderly people, while WMLs were related to global cognitive dysfunction. We have reported a male predominance in SBI, which was largely due to a higher prevalence of alcohol intake and smoking in men than women in our population. 28 In the same context, frontal lobe dysfunction was related to male sex in model 1 but not in the final multivariate model that included MRI findings (model 2). Subcortical vascular disease and DWMLs seen in elderly subjects were associated with cognitive impairment or dementia, depression, apathy and gait disturbance. 23, 32, 33 Multiple lacunae have been known to cause frontal lobe dysfunction, including difficulty in set shifting, impaired executive function and decreased verbal fluency, as seen in the present study. 24, 25, 27 This is the first study that showed CKD was associated with frontal lobe dysfunction independently of subclinical lacunar stroke.
One major limitation of this study relates to its cross-sectional study design, which limits the interpretation of our results with respect to cause and effect, particularly CKD as a presumed prerequisite for subsequent cognitive decline. However, we cannot exclude the possibility that CKD-associated factors concurrently affect frontal lobe function. Another limitation is the narrow scope of the cognitive assessment, because only MST and MMSE were performed. The use of broader testing would have produced more in-depth evaluation of neuropsychological characteristics in relation to CKD. The definition of 'frontal lobe dysfunction' by only one assessment battery is also a limitation of our study. Finally, neither urinary albumin nor cystatin C was measured in the present study, which may have limited the evaluation of kidney function. It is, however, noteworthy that eGFR Frontal lobe dysfunction associated with CKD H Yao et al are the best overall indices of kidney function. 1 The advantages of the current study are the inclusion of a relatively large number of community-dwelling subjects and the use of MRI. In particular, structural brain imaging with MRI is indispensable for assessing the underlying mechanism of cognitive dysfunction associated with CKD. There is mounting evidence that CKD increases the risk of cognitive decline and dementia. During a median 6-year follow-up of community-dwelling older adults, moderate renal insufficiency was independently associated with a 37% increased risk of incident dementia, particularly vascular-type dementia. 10 Cognitive impairment in subjects with CKD is mediated by the direct effects of uremia or is attributable to a high prevalence of vascular risk factors. 11 Most likely, CKD may exert adverse effects on cerebral vasculature and cause vascular cognitive impairment. 12 In a large cohort of elderly subjects, moderate-to-severe impairment of renal function, defined as creatinine clearance o45 ml min À1 per 1.73 m 2 , was associated with newly diagnosed cognitive impairment after 2 years. 13 Similarly, older community-dwelling men with albuminuria had worse cognitive function and greater cognitive decline over a 6.6-year interval. 14 Cognitive function measured across multiple domains, including executive function, was worse in subjects with more severe kidney function. 15, 17 Specific cognitive domains were more vulnerable to moderate CKD. These included visual-spatial organization and memory, scanning and tracking abilities, which are mostly executive skills. 16 Frontal lobe dysfunction is a feature of vascular dementia or vascular cognitive impairment. 23 Our present study provided further evidence that CKD may be an independent risk factor for frontal rather than global cognitive dysfunction, suggesting that CKD acts as a vascular factor. This study cannot explain the mechanism of observed association of CKD and frontal lobe dysfunction, which was independent of lacunar infarction. Knopman 34 proposed that microvascular disease or endothelial dysfunction addresses at least one way that CKD causes cognitive decline. In contrast, Gouw et al. 35 emphasized that lesions invisible on MRI, such as cortical microinfarcts and tissue changes in the normal-appearing white matter, may have an important clinical role as major determinants of cognitive decline.
Additionally, CKD-associated ischemic brain lesions may be the basis for cognitive decline. The Northern Manhattan Study and the Rotterdam Scan Study found that subjects with CKD, defined by reduced creatinine clearance or eGFR, had a greater burden of white matter hyperintensity volumes after adjusting for confounders such as vascular risk factors. 19, 20 Likewise, in community-dwelling Japanese elderly subjects, the association between the presence of CKD and lacunar infarction or moderate WMLs was statistically significant even after adjustment for conventional cardiovascular risk factors, suggesting that CKD was an independent risk factor for cerebral small vessel disease. 21 Albuminuria was associated with worse executive function, as well as increased white-matter-hyperintensity volumes in homebound elders. 22 Further, cystatin C, a cysteine proteinase inhibitor, has been proposed as an alternative and more accurate renal function marker. Increasing prevalence of SBI was associated independently with increasing quintiles of cystatin C range, whereas the associations between serum creatinine or eGFR and SBI were U-shaped. 18 In the present study, however, CKD was not significantly associated with subclinical lacunar infarction in the multivariate logistic regression model. One possible explanation for this negative relationship could be the cross-sectional design of our study. CKD and lacunar infarction were simultaneously and independently associated with frontal but not global cognitive dysfunction.
There are several biologically plausible mechanisms through which CKD could result in subclinical MRI lesions and cognitive decline.
Although folic acid supplementation significantly improved cognitive function, 36 the renal Heart Outcomes Prevention Evaluation-2 study recently reported that active treatment with B vitamins lowered homocysteine in participants with CKD but had no effect on cardiovascular outcomes. 37 High rather than low adiponectin, an adipocyte-derived protein with anti-inflammatory, anti-atherogenic and insulin-sensitizing activity, was a predictor of all-cause and cerebrovascular mortality in patients with stage 3-4 CKD. 38 There have been no interventional studies with adiponectin on cardiovascular outcome; thus, it remains unclear whether adiponectin confers vascular protection. 39 Inflammatory and procoagulant pathways and asymmetric dimethylarginine, an endogenous inhibitor of nitric oxide synthase, might be important mediators leading to the increased cardiovascular risks of patients with CKD. 40, 41 Anemia is another contributing factor of cognitive dysfunction in hemodialysis patients, based on the observation that graded increments in hematocrit following erythropoietin therapy improved neuropsychological tests as well as eventrelated potential. 42 However, in the present study with healthy elderly subjects, hematocrit was not associated with cognitive function.
In conclusion, the present study showed that CKD and subclinical lacunar infarction were independently associated with frontal lobe dysfunction in healthy elderly subjects. In other words, subjects with CKD have an increased risk of developing vascular cognitive impairment. Interventions directed at treatment and prevention of CKD, as well as silent ischemic brain lesions, particularly lacunar infarcts, would be beneficial in attenuating frontal cognitive decline in healthy elderly subjects.
